We investigate the non-linear response and energy absorption in bulk silicon irradiated by intense 12fs near-infrared laser pulses. Depending on the laser intensity, we distinguish two regimes of non-linear absorption of the laser energy: for low intensities, energy deposition and photoionization involve perturbative three-photon transition through the direct bandgap of silicon. For laser intensities near and above 10 14 W/cm 2 , corresponding to photocarrier density of order 10 22 cm −3 , we find that absorption at near-infrared wavelengths is greatly enhanced due to excitation of bulk plasmon resonance. In this regime, the energy deposited onto electrons exceeds a few times the thermal melting threshold of Si. The optical reflectivity of the photoexcited solid is found in good qualitative agreement with existing experimental data. In particular, the model predicts that the main features of the reflectivity curve of photoexcited Si as a function of the laser fluence, are due to state and band filling effects associated with Pauli blocking rather than Drude free-electron response. The non-linear response of the photoexcited solid is investigated for irradiation with a sequence of two strong and temporary non-overlapping pulses. We find that the cummulative effect of the two pulses is non-additive in terms of deposited energy. More specifically, and depending sensitiviely on the pump laser intensity, photoionization and energy absorption on the rising edge of the second pulse is enhanced due to superposition of the electric fields of bulk plasmon and the laser. When increasing the intensity above this threshold, the electric field of the second pulse is screened out and most of its energy is reflected away.
I. INTRODUCTION
Time-resolved optical experiments on femtosecond laser excited dielectrics 1-11 provide evidence that ultrafast solid to liquid phase transition occurs after a large amount of laser energy is deposited in the solid material during a time interval much shorter than the thermalization of the absorbed energy. The photoexcitation of a critical number of electronhole pairs results in bond softening and structural phase transition. Theoretical models [12] [13] [14] [15] were developed aiming to investigate electronically-driven ultrafast melting mechanism in semiconductors. These studies predict that lattice instability in the dense plasma develops once the critical density of electron-hole pairs is of order 10 22 cm −3 . For instance in silicon irradiated with visible wavelengths, such high densities are reached at the fluence of about 0.2 J/cm 216 .
The high density plasma of photoexcited charge carriers leads to distinct change of the optical reflectivity. Changes of optical constants of the strongly excited dielectrics are measured using pump-probe spectroscopy techniques 4, [16] [17] [18] . The optical reflectivity of photoexcited silicon as a function of the pump pulse fluence was measured in Ref. 16 for the 625 nm wavelength. At very early times (150 fs after the excitation), when the plasma is not yet thermalized, the experimental data showed that the reflectivity initially decreases for relatively low pump fluences until it reaches a minimum at 0.2 J/cm 2 . By increasing the pump fluence above that value, a sharp rise of reflectivity of the probe pulse was observed. The fluence dependence of the reflectivity curve was consistently interpreted within a simplified Drude model for the dielectric function of the optically excited Si, i.e. assuming that the optical properties are dominated by free-carrier response.
Dielectric properties of photoexcited solids are often modeled with Drude response of free carriers embedded in a dielectric medium 19, 20 . More elaborate model for the macroscopic dielectric function of the laser-exicted state incorporating Pauli blocking and screening of the Coulombic electron-hole attraction was proposed in Ref. 21, 22 . Good qualitative agreement with measured dielectric function of gallium arsenide was found 6 . More recently, first principle approaches based on time-dependent density functional theory (TDDFT) have been developed and applied for understanding the optical properties of strongly excited semiconductors and dielectrics. Ultrafast optical breakdown thresholds of dielectrics such as diamond and silica were obtained using TDDFT 23, 24 . With the increase of the light pulse intensity, the number of photoexcited charge carriers increases and dense plasma of electron-hole pairs is established. When the corresponding plasma freqeuncy matches the laser frequencies, a resonant energy transfer occurs from the light pulse to the electrons and dielectric breakdown occurs associated with sharp rise of the optical reflectivity. In Ref. 25 , the reflectivity of photoexcited silicon was calculated as a function of the peak laser intensity and a qualitative agreement with the experimental observation in Ref. 16 was found. Consistent interpretation of the intensity dependence of the reflectivity curve was given in terms of simplified free electron Drude model. In Ref. 26, 27 , the dielectric response of the crystalline silicon following irradiation by a high intensity near-infrared laser pulse was obtained from numerical pump-probe experiments. The results showed that the excited silicon exhibits characteristic features of electron-hole plasma in nonequilibrium phase. The real part of the dielectric function was found to be well described by a Drude free-carrier response with screened plasma frequency determined from ground state properties. The effective mass of the charge carriers was found to increase monotonically with the increase of the laser intensity. Optical anisotropy in the response of the photoexcited solid was also reported.
While standard pump-probe spectroscopy studies electronic dynamics with femtosecond time resolution, advances in laser technologies resulted in the attosecond metrology 28, 29 .
In nonlinear attosecond polarization spectorscopy 30 , the oscillating laser electric field is used to measure the non-linear polarization which in turn determines the amount of energy reversibly or irreversibly exchanged between the electromagnetic field and the dielectric material. Nonlinear polarization spectroscopy yields more complete information about the dynamic electronic response to strong fields with attosecond time resolution. For instance, measurements utilizing attosecond spectroscopy in combination with TDDFT calculations allowed to resolve electron dynamics in crystalline silicon 31 . Interest in the time evolution of the excitation process is motivated by applications like petahertz signal processing 32, 33 and mechanisms of ultrafast dielectric breakdown [34] [35] [36] [37] [38] [39] [40] [41] [42] .
The optical breakdown thresholds are associated with femtosecond laser ablation [43] [44] [45] [46] .
During femtosecond laser ablation laser-induced periodic surface structures (LIPSS) form under certain irradiation conditions. Typically LIPSS occur after irradiation by multipule laser pulses. Two of the main machanisms of LIPSS formation are interference of laser induced surface plasmon polaritons with the incident field 47 and hydrodynamic instability 48 .
The plasmon mechanism of ripple formation is due to the spatial modulation of the photo-electron density after the interference between the incident and a surface-scattered wave 49 intermediated by surface roughness. A grating assisted interference between the driving laser and photoinduced surface plasma oscillations was demonstrated in optical reflectivity measurements of photoexcited silicon surface 50 . Advances in technologies found a regime where highly regular LIPSS (HR-LIPSS) are produced -a few temporally overlapping identical femtosecond laser pulses with above threshold fluence 51, 52 . In contrast to the standard processing procedure utilizing multiple laser pulses with near threshold fluences. Such approach allows substantially improve production rate of producing nanostructures on large surface area.
In this paper we report the time evolution of the conduction electron density and excitation of collective plasma oscillations of the electron gas in crystalline silicon irradiated by intense ultrashort near infrared laser pulse. Depending on the laser intensity, we distinguish two regimes of non-linear absorption: low-intensity regime when laser energy is transferred to electrons by three-and four-photon transitions, and high-intensity regime when energy is resonantly transferred to plasmons. Scaling laws of the absorbed energy and electron density as a function of the laser intensity are obtained. Optical constants and the reflectivity of the photo excited silicon are derived and compared to existing experimental data. The interference of the plasmons with the driving laser following the irradiation by a double pulse sequence resulting in highly efficient energy transfer is also demonstrated.
The paper is organized as follows: Sec. II includes our theoretical method based on selfconsistent solution of the coupled time-dependent Schrödinger-Maxwell's equations. Sec III presents numerical results and discussion of the nonlinear response of silicon subjected to pair of intense 12fs near-infrared laser pulses. Sec IV includes our main conclusions.
II. THEORETICAL FORMALISM
In velocity-gauge, the Schrödinger in single-active electron approximation is
here vk labels the initially occupied Bloch states in the valence band with definite crystal momentum k, H(t) is the time-dependent Hamiltonian
In the empirical pseudopotential method 53 , the periodic ionic lattice potential is presented by a plane wave-expansion in the basis of reciprocal lattice wave-vectors
where 2 τ = a 0 /4(1, 1, 1) is the relative vector connecting two Si atoms in a crystal unit cell and a 0 = 5.43Å is the bulk lattice constant. The pseudopotential formfactors (in Rydberg) are V (G 2 = 3) =-0.21, V (G 2 = 8) =0.04 and V (G 2 = 11) =0.08.
The macroscopic vector potential is split into applied laser and induced vector potentials
, the total pulsed electric field is E(t) = −dA/dt. The applied vector potential is related to the electric field of the incident laser by E ext = −dA ext (t)/dt, which we parametrize by a temporary Gaussian function
where e is a unit vector in the direction of the laser polarization, ω L is the laser frequency corresponding to photon energy ω L and τ L is the pulse length. The vector potential A ind (t)
is a result of the induced dipole moment per unit volume P(t) inside the bulk, which we determine slef-consistently by solving the Maxwell's equation
here J(t) is the macroscopic electric current density
and v(t) = p + A(t) is the velocity operator. The induced polarization is
the absorbed laser energy per unit volume at time t is calculated from the work done by the pulsed laser field in moving the electrons
A. Linear response of photoexcited Si
In the remote past t → −∞, the laser vector potential vanishes A ext = 0 and the Maxwell's equation exhibits a trivial solution with A = 0. The electrons are in a ground state characterized by occupation numbers of Bloch states f 0 nk = {0, 1}. However in the remote future t → +∞, when the applied laser vector potential has vanished A ext = 0, the Maxwell's equation may exhibit a non-trivial solution with A(t) = 0. In this case, electrons are driven by the self-induced polarization. The single-particle density matrix evolves in time according to
where H = H 0 + V , here H 0 is the field-free Hamiltonian and V = A · p is the interaction with the self-induced gauge vector potential. Treating this interaction as weak, we split
Because photoionization has created electron-hole pairs in coherent superposition of states, the unperturbed density matrix is non-diagonal in a Bloch state basis and takes the form
where the diagonal elements ξ nnk = f nk = v | nk|ψ vk (∞) | 2 are the laser-intensity dependent occupation numbers of single particle states, the off-diagonal elements give the interband coherences and ω nn ′ k = ε nk − ε n ′ k are the transition frequencies. To first order in perturbation theory, the equation of motion is
which reads in components
Because interband coherences include rapidly varying phases, such terms tend to average to zero, only diagonal terms with n ′′ = n and n ′′ = n ′ give dominant contribution, such that the equations of motion simplify to
The Fourier transformation of this result gives
and therefore the Cartesian components of the current can be written
in terms of conductivity tensor of the photoexcited solid
here n 0 = 32/a 3 0 is the average bulk density. The associated linear susceptibility tensor χ αβ (ω) = iσ αβ (ω)/ω of the photoexcited solid is divergent when ω → 0, to display this divergence, χ can be split into interband and intraband contributions 54
where
is regular at ω = 0, and the coefficients in front of the divergent terms are
In Eq. (19), [1/m * nk ] αβ are the Cartesian components of the inverse effective mass tensor of band n with crystal momentum k
The 
the Maxwell's equation ǫ αβ (ω)A β (ω) = 0 possesses nontrivial solution when det ǫ(ω) = 0, which specifies the collective eigenmodes of the polarization. The dielectric tesnor can be split into isotropic part and a tracless part associated with the optical anisotropy of the solid
where ǫ(ω) = trǫ(ω)/3 is the dielectric function. Assuming that that optical anisotropy of the photoexcited solid is weak, using Eq. (16), neglecting the interband contribution of B coefficients and introducing a background dielectric function
which exhibits weak frequency dependence for subbandgap excitation, the dielectric function can be recast into the classical Drude form
with the definition of screend plasma oscillation frequency of free carriers
and a band-averaged inverse effective mass of an electron-hole pair
The intensity and fluence dependence of the dielectric function of the pumped solid enters via the effective mass parameter and the Pauli-blocking factors f nk − f n ′ k .
III. NUMERICAL RESULTS AND DISCUSSION
The static energy-band structure of silicon along the ∆ and Λ lines in the Brillouin zone is shown in 
where H(k, t) = exp(ik·r)H(t) exp(−ik·r), next the single-particle density matrix is evaluted 28) and the current density
is used to update the macroscopic vector potential according to
A. Excitation by a single pulse When the laser intensity is increased further to I = 6×10 14 W/cm 2 , Fig.(3(c) , the applied field lags behind the total electric field on the rising edge of the pulse, which results in shocklike deposition of energy to electrons Fig.(3(i) . Their number density in Fig. (3(f) increases rapidly by more than two orders of magnitude for few cycles on the rising edge of the driver pulse. Slightly before the pulse peak, the total and applied electric fields are completely out of phase, when further transfer of energy to electrons is suppressed. The number of conduction electrons and the excitation energy saturate to 2 × 10 22 cm −3 and 3 eV/atom, respectively. For such high level of excitation, metallic response of the photoexcited Si is clearly exhibited, the lack of density oscillations after the end of the pulse is because the plasma frequency shifts above the laser frequency and conduction electrons screen out the electric field inside the bulk.
To analyze this further, in Fig.(4(a) the photcurrent is also shown in Fig.(4(b) . For low intensity, the spectral phase shift is close to π/2 in the absorption region and dielectric response is exhibited. As the laser intensity increases into the region of the plasmon resonance, the spectral components on the red side of the central wavelength are in phase with the photocurrent, such that electrons gain much energy by interacting with the laser. However because of the dispersion of the spectral phase in the absorption region, this contribution is partially cancelled by interactions with shorter wavelengths on the blue side of the central wavelength. The variation of the spectral phase also causes a time delay of the envelope of the pulsed electric field relative to applied laser (cf. also Fig.(3(b) ). At the highest intensity shown, the phase stabilizes in the absoprtion region: the pulsed electric field and the current are nearly in phase, such that nonlinear absorption and energy transfer to electrons is greatly enhanced.
In Fig.Fig.(5(a-b) , we plot the dependence of the total absorbed energy and conduction electron density on the laser intensity for two different laser polarization directions -[001] and is also shown in Fig.7 , for the three different laser intensities, Fig.7 (a-c) correspond to laser linearly polarized along the [001] direction and Fig.7 refer to the [111] direction. Noticeably the photocarrier distribution is highly non-uniform and anisotropic in the Brillouin zone. For low intensity I = 3 × 10 13 W/cm 2 , small fraction of valence electrons are promoted into the conudction bands with occupation numbers of order 10 −3 (cf. Fig.7(a,d) . More electrons emerge along the Λ line for laser polarized along [001] direction, Fig.7a . When the laser polarization vector points in the [111] direction, Fig.7d , spectral structure forms near the Γ point, and a broad shoulder of electrons emerges along the ∆ line and near the X valleys.
As the laser intensity increases to I = 1.2 × 10 14 W/cm 2 , occupation of conduction bands increases substantially and the distribution broadens in the Brillouin zone, (cf. Fig.7(b,e) ).
Band and state filling is characterized by sharp peaks associated with specific points in the Brillouin zone . The high degree of occupation of conduction bands with occupation numbers ∼ 1 makes evident the significance of Pauli blocking in this regime. For the highest intensity shown I = 6 × 10 14 W/cm 2 (in Fig.7(c,f) ), the degree of population inversion does not change much on average, instead altered probabilities for interband excitation due to Pauli blocking result in redistribution of carriers over states.
Using these distributions we compute the optical constants of the photoexcited Si according to Eqs.19 and 17. Results are shown in Fig.8(a 
B. Excitation by double pulse sequence
To investigate the nonlinear response of the photoexcited plasma to strong laser field we apply a second identical pulse after photoexcitation of Si by the first pulse. While for low intensities, Fig.9(a,c) , the effect of two pulses is additive in terms of absorbed energy and photoelectron density, strong effect of enhancement in terms of absorbed energy occurs for laser intensity in the region of the plasmon resonance in Fig.9(b,d) : the second pulse deposits two times more energy than the first one. That is because the self-electric field of the plasmon excited by the first pulse interferes with the electric field of the second applied pulse, resulting in highly efficient transfer of energy to electrons on the rising edge of the second pulse. When the laser intensity is increased, Fig.9(c,e ) the laser oscillation frequency shifts below the plasma frequency, such that the photoexcited solid shows metal-like response and becomes reflective for the incident irradiation, such that the electric field of the second pulse is screened out and large portion of its energy is reflected away.
IV. CONCLUSION
In summary we have investigated the ultrafast photoexcitation and plasma formation in crystalline silicon interacting with 12fs near infrared laser pulse. For peak laser intensities near and above 10 W/cm 2 (solid line). In Fig.(a-b) the pulse is linearly polarized along the [001] direction, the laser wavelength is 800 nm and the pulse duration is 12fs. direction, the laser wavelength is 800 nm and the pulse duration is 12fs. near-infrared laser pulse with wavelength 800 nm. In Fig.(a-c) the laser is linearly polarized along the [001] direction. In Fig.(d-f ) the laser polarization vector points along the [111] direction. The peak laser intensity is: I = 3 × 10 13 W/cm 2 in Fig.(a) and Fig.(d) , I = 1.2 × 10 14 W/cm 2 in Fig.(b) and Fig.(e) , and I = 6 × 10 14 W/cm 2 in Fig.(c) and Fig.(f) . Fig.(a-b) the laser is linearly polarized along the [001] direction, the laser wavelength is 800 nm and the pulse duration is 12fs.
